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FOREWORD 


This  report  i«as  prepared  by  the  Aerodynamic  Laboratory 
of  the  Ohio  State  university,  Columbus,  Ohio  on  Air  Force 
Contract  AF  33(616 )-7827  under  Task  136606  "Hypersonic 
Boundaucy  Layer  Properties"  on  Project  No.  I366  "Aerodynamics 
and  Flight  Mechanics.”  This  Task  and  Project  are  a  part 
of  Air  Force  System  Cwmnand’s  Applied  Research  Program, 

75OA,  "Mechanics  of  Flight."  The  work  was  administered 
under  the  direction  of  Flight  Dynamics  Laboratory, 
Aeronautical  Systems  Division.  Captain  H.  Grubbs  and 
Mr.  M.  L.  Buck  were  project  engineers  foi-  the  Laboratory. 

The  study  was  Initiated  In  Janviary,  I96I,  and  was 
con?)leted  In  August,  1962.  The  final  report  Is  In  two 
volumes;  Volvime  I  presents  the  surface  press\ire  distributions 
on  the  plate.  Volume  II  presents  the  laminar  bomdary  layer 
characteristics  of  the  flat  plate. 

The  authors  wish  to  thank  Mr.  J.  D.  Mauersberg  of  the 
Aerodynamic  Laboratory  staff  for  his  aid  In  the  extensive 
analogue  computer  woric. 

This  report  concludes  the  work  done  by  the  Aerodynamic 
Laboratory  on  Contract  AF  33(6l6)-7827. 


ABSTRACT 


The  laminar  boiindary  layer  on  unswept,  1/2-inch  thick, 
cylindrically-blunted  flat  plate  was  examined  at  Mach  numbers 
of  7,  10,  12  and  l4;  at  Reynolds  numbers  from  9000  to  21,300, 
based  on  the  plate  thickness;  and  at  angles-of -attack  of  0°, 
10°  (compression)  and  15°  (expansion).  The  layer  was  probed 
at  three  stations,  S/D  =  8,  l6  and  22  using  a  pitot  probe  and 
a  sonic -pneumatic  total  temperature  probe.  The  tests  were 
conducted  in  the  12-inch  continuous  hypersonic  wind  tunnel  of 
The  Ohio  State  University  Aerodynamic  Laboratory. 

The  two  probe  outputs,  together  with  the  static  pressure 
at  the  wall,  were  processed  through  an  analogue  computer  and 
the  results,  l.e.,  Mach  number,  velocity,  temperature,  etc., 
are  tabiilated  as  functions  of  distance  from  the  surface. 
Integrations  were  performed  to  obtain  displacement  and 
momentum  thicknesses.  Skin  friction  was  also  obtained, 
through  the  measurement  of  the  velocity  gradient  at  the  wall. 

The  results  are  presented  in  tabulated  form,  vdiile 
typical  data  are  plotted  to  Illustrate  the  trends  established 
by  Mach  number,  Reynolds  number  and  angle-of-attack. 


This  report  has  been  reviewed  and  is  approved. 


HilllP  F.  ANl'ONAi'OS 
Chief,  Flight  Branch 
Flight  Dynamics  Laboratory 
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SECTION  I 


INTRODUCTION 


There  Is  presently  a  great  need  for  detailed  information 
about  the  flow  fields  surrounding  blunt  bodies  moving  at  hyper¬ 
sonic  speeds.  A  variety  of  theoretical  approaches  have  been 
proposed  for  the  prediction  of  svirface  pressures,  skin  friction 
heat  transfer,  and  flow  field  temperature  but  e:q)erlmental 
verification  is  lacking  in  many  Instemces.  This  study  was 
undertaken  to  provide  information  about  the  surface  pressures 
and  the  nature  of  the  boundary  layer  on  an  unswept  blunt  flat 
plate  and  the  results  are  reported  in  two  volumes. 

The  flat  plate  had  a  cylindrical  leading-edge  1/2-lnch  in 
diameter.  It  was  side-mounted,  fully  spanning  the  semi-free 
Jet  of  the  wind  tiinnel  in  order  to  depress  interference  from 
the  support  and  from  the  tvinnel  walls.  Pressure  orifices  were 
arranged  in  three  streamwise  rows  and  thermocouples  were  embed¬ 
ded  under  the  surface.  No  forced  cooling  was  provided,  but 
radiation  and  conduction  maintained  the  model  temperatures 
well  below  recovery  temperature.  In  order  to  obtain  more 
detailed  information  about  the  pressures  on  the  leading-edge, 
separate  cylindrical  models  were  also  tested. 

Experiments  were  conducted  at  nominal  Mach  nimibers  of  7, 

10,  12  and  14  with  the  Reynolds  number  (based  on  the  leading- 
edge  diameter)  ranging  from  9000  to  21,300.  Boundary  layer 
data  were  obtained  for  angles-of-attack  of  0°,  10°  (compression) 
and  15°  (expansion)  at  three  stations  along  the  plate  centerline. 
Table  I  lists  the  test  conditions. 

This  part  of  the  report  (Volume  II )  deals  exclusively 
with  the  measurements  made  throvighout  the  boundary  layer 
on  the  surface  of  the  flat  plate.  These  were  obtained 
through  the  use  of  a  pitot  probe  and  a  sonic -pneumatic  total 
temperature  probe,  combined  with  simultaneous  measurements 
of  the  surface  static  pressures  and  the  surface  temperatxares. 
On-line  data  recording  and  partial  reduction  were  accomplished 
with  an  analogue  computer.  Final  data  include  profiles  of 
velocity,  Mach  number,  total  temperatures,  static  temperature, 
mass  flow  rate  and  momentum  flux.  The  last  two  were  integrated 
to  obtain  the  displacement  thickness  and  the  momentum  thickness. 
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The  skin  friction  was  also  calculated  from  the  velocity- 
gradient  at  the  s\irface. 

The  facility,  model,  probes  and  Instioimentatlon  are 
briefly  described  and  the  results  from  the  many  tests  are 
tabulated.  Representative  data  were  selected  and  plotted 
to  Illustrate  the  effects  of  Mach  number,  Reynolds  nxamber 
and  angle-of-attack.  Since  this  study  was  experimental  In 
nature,  no  analysis  of  the  data  Is  Included  here,  Flather, 
there  Is  a  discussion  of  the  testing  techniques  and  of  the 
possible  errors  Involved,  Tunnel  Interference,  especially 
at  high  angles-of-attack  and  at  low  Reynolds  numbers, 
prevented  the  acquisition  of  complete  data  In  some  instances. 

Volume  I  describes  the  surface  pressure  distributions 
obtained  on  the  plate  and  Jts  leading-edge  through  the 
angle-of-attack  range  +  15  , 
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II  EXPERIMENTAL  EQUIPMENT 


A.  Facility  and  Model 

In  References  3  and  4,  the  pertinent  features  of  the 
wind  tunnel  used  In  this  study  are  described.  It  Is  a 
continuous -flow,  electrically-heated  tunnel  having  a  12- 
Inch  dleimeter  free-Jet  test  region,  Axlsymmetrlc,  contoured 
nozzles  provide  a  Mach  nvmiber  range  from  6  to  15,  Figure  1 
Is  a  schematic  diagram  of  the  facility  and  associated 
equipment , 

The  flat  plate  model  was  fabricated  from  stainless 
steel,  spanned  the  Jet  and  was  slde-movinted  for  minimum 
support  Interference,  The  basic  dimensions  of  the  plate 
are  given  In  Figure  2,  Three  streamwlse  rows  of  pressiare 
orifices,  0,060"  In  diameter,  and  two  rows  of  chromel-alumel 
thermocouples  provided  detailed  pressure  and  temperature 
distributions  on  the  plate.  All  the  pressure  leads,  of  3/32" 
OD  stainless  steel  tubing,  passed  through  the  hollow  side 
mount  to  Inclined  manometers  utilizing  silicone  fl\ild. 

The  thermocouple  leads  followed  a  similar  path  to  multi-point 
temperature  recorders.  For  angle-of-attack  changes,  the 
model  could  be  rotated  about  Its  leading-edge;  for  easing 
tunnel  starts,  the  model  could  be  retracted  from  the  Jet 
when  at  zero  angle-of -attack. 

The  model  Is  shown  mounted  In  the  wind  tunnel  In 
Figure  3,  a  view  from  the  nozzle  end.  Surrounding  the 
test  region  Is  the  cylindrical  diffuser  scoop.  Above  the 
model  Is  the  traversing  Impact  probe  for  Mach  nmber 
calibration  of  the  nozzle;  below  the  model  Is  the  boundary 
layer  probe  In  Its  stowed  position.  Figure  4  Is  a  side  view 
of  the  test  cabin  of  the  tunnel  showing  the  flat  plate  and 
the  boundary  layer  probe  retracted  away  from  the  model. 


B,  Boundary  Layer  Probe 

The  boundary  layer  probe  actxxally  consisted  of  two 
probes,  a  pitot  probe  to  measure  total  pressure  In  the 
boundary  layer,  and  a  sonic -pneumatic  probe  to  determine 
the  total  temperature  In  the  layer.  The  pitot  probe  is  a 
standard  device;  however,  further  comments  on  the  total 
tenqperatTore  probe  are  required. 

The  operation  of  a  sonic -pneumatic  total  temperatvire 
probe  may  be  explained  with  reference  to  Flg\ire  5,  A  san5)le 
of  the  heated  gas  Is  taken  through  the  first  choked  throat, 
cooled  to  an  acceptable  and  lower  temperatxire  and  then 
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choked  again  at  a  second  throat.  For  eqiaallty  of  mass  flows 
at  the  two  throats,  in  terms  of  total  quantities. 


^  ^  k  Pt2  Al*  =  k  Pt3  A2* 


(1) 


where  k  depends  on  the  ratio  of  specific  heats  and  the 
nature  of  the  gas  and  is  considered  as  a  constant  here. 
Solving  Eq.  (l;  for  the  stream  total  temperature,  Tt2* 


Tt2 


hi  hi 

Pt3  A2* 


(2) 


Thus  the  total  temperature  can  be  calculated  if  the  total 
pressures  at  the  two  throats  are  measured,  the  total 
temperature  at  the  second  throat  determined,  and  if  the  ratio 
of  the  throat  areas  is  known. 

In  Reference  5,  Welshlmer  reports  a  thorough  study  of 
the  sonic -pneumatic  probe  for  wind-tunnel  use  and  points 
out  that  an  extensive  calibration  is  generally  required  when 
the  application  is  in  moderately  low  density  flows.  Then 
the  boundary  layers  in  the  throats  produce  sizeable  displace¬ 
ments  and  the  "effective"  area  ratio  for  eqxiatlon  (2)  may  be 
appreciably  different  from  the  physical  area  ratio. 

Reference  6  reports  the  details  of  the  development  study 
Involved  with  the  probe  used  here.  By  using  a  wide-angle 
conical  inlet,  the  internal  boundary  layer  effects  were 
resolved  to  be  almost  entirely  pres  sure -dependent,  a  feat\ire 
tdiich  eased  the  calibration  problem  considerably. 

The  dimensions  of  the  probe  tips  are  given  in  Figure  6. 
The  probe  system  was  mounted  on  the  tunnel  attack-mechanism 
so  that  it  pivoted  about  the  leading-edge  of  the  model.  Thus 
data  could  be  taken  for  several  angles-of -attack  dxirlng  one 
txinnel  run.  The  position  of  the  probe  relative  to  the  plate 
was  determined  throvigh  the  use  of  a  precision  potentiometer 
attached  to  the  probe  movint. 
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Ill  EXPERIMENTAL  PROCEDURES 


A.  Test  Procedure 

In  order  to  maintain  a  near-simllarlty  of  flow  in  the 
boundary  leiyer,  the  test  conditions  were  selected  to  maintain 
equal  stagnation  tenqperatures  and  equal  pressures  behind  the 
bow  shock  for  different  Mach  numbers.  The  exact  test  conditions 
are  listed  in  Table  I.  Prior  to  each  test  series,  the 
nozzle  flow  was  calibrated  at  the  position  of  the  model 
leading  edge;  typical  calibrations  are  presented  in  Figure  7. 

After  the  tunnel  was  started,  and  the  test  conditions 
reached,  the  model  was  Inserted  in  the  stream  and  positioned 
at  the  desired  angle-of-attack.  The  probe  was  brought  near 
the  plate,  but  outside  the  bovindary  layer,  and  a  check 
calibration  of  the  temperature  probe  was  made.  The  probe 
was  then  moved  to  the  plate  surface  and  the  surface  pressure 
in  the  vicinity  of  the  probe  observed  on  silicone  manometers. 

If  any  probe  Interference  ^^as  detected,  the  probe  was  moved 
away  from  the  plate  mtll  the  pressure  distribution  returned 
to  normal.  In  general,  there  was  little  or  no  Interference 
on  the  sxirveys  taken  with  the  plate  at  zero  angle-of-attack 
or  on  compression;  however,  with  the  plate  on  expansion  the 
insertion  of  the  probes  caused  separation  of  the  boundary 
layer  in  many  cases  as  the  probes  approached  the  plate.  In 
these  cases,  the  first  few  hundredths  of  an  inch  could  not 
be  examined.  Figure  8  shovfs  typical  surface  pressure 
distributions  obtained  with  the  boundary  layer  probe  on  the 
plate  svirface  and  with  it  far  from  the  plate;  it  indicates 
the  moderate  pressure  disturbance  caused  by  the  probe  idien 
on  the  surface. 

With  the  probe  in  position,  the  pressures  Pt2  and  Pt3 
were  sensed  on  variable  reluctance  pressure  transducers 
and  fed  into  the  Laboratory's  Electronic  Associates  analogue 
computer  The  position  of  the  probe  and  Tt3  were  also  fed 
into  the  computer  ^riiich  then  plotted  the  total  press\ire  and 
total  temperature  at  that  probe  location.  The  probe  was 
moved  to  its  next  position  and  the  process  repeated.  While 
a  continuous  trace  of  the  boundary  layer  profile  might  have 
been  desirable,  it  was  not  possible  because  of  the  low  total 
pressure  encountered  near  the  wall.  As  the  response  of  the 
Pt3  measurement  was  of  the  order  of  one  minute,  the  stepping 
process  was  required  to  allow  sufficient  time  for  stabilization 
of  the  pressures. 
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To  provide  further  on-the-line  data,  an  estimate  of  the 
plate  surface  pressure  at  the  probe  location,  as  determined 
in  the  previous  test  reported  in  Volume  I,  was  also  fed  into 
the  con^uter.  Under  the  assumption  of  a  constant  static 
pressvire,  the  Mach  number,  the  static  temperature  and  the 
velocity  were  then  calculated,  printed  and  plotted  simultaneously 
by  the  computer.  A  schematic  of  the  probe  data  reduction 
system  is  presented  in  Figure  9*  For  convenience,  the  basic 
equations  used  in  the  computer  program  are  reviewed  in  the 
Appendix  and  further  details  of  the  analogue  computer  used  in 
the  program  are  available  in  Reference  7. 

During  the  siirvey,  the  wall  temperatures  were  recorded 
and  the  surface  pressures  near  the  probe  were  measured  on 
the  inclined  manometers.  A  typical  boiindary  layer  survey 
required  about  20  minutes  to  con5)lete;  it  was  possible  to 
examine  at  least  two  angles-of-attack  for  one  station  during 
each  tunnel  run. 


B.  Data  Reduction 

After  the  tunnel  run,  the  raw  data  was  reprocessed 
through  the  conputer.  For  this  final  reduction,  small  zero 
shifts  in  the  transducers,  ^rtiich  were  check  calibrated  before 
and  after  each  run,  were  eliminated  and  the  actual  static 
pressxire  measxu^ed  at  the  probe  station  during  the  test  was 
Inserted  into  the  computer. 

Six  in5)ortant  boundary  layer  qujuitltles  were  plotted 
against  distance  from  the  plate  at  this  time* 

Total  teraperat\ire  Tt 

Mach  number  M 

Static  temperature  T3 

Velocity  u 

Hass  flow  per  unit  area  pu 

2 

Momentum  flow  per  unit  area  pu 

The  last  two  Items  were  obtained  for  integration  of  their 
profiles  to  determine  the  boundary  layer  displacement  and 
momentum  thicknesses.  These  six  quantities  were  also 
recorded  on  the  digitizer  along  with  dimensionless  ratios 
of  velocity,  density,  etc. 
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For  these  dimensionless  ratios,  a  question  arose  as  to 
vrtiat  reference  qtiantities  should  be  chosen.  Since  there  was 
a  relatively  hi^  entropy  gradient  in  the  inviscld  flow,  the 
edge  of  the  boundary  layer  was  often  difficult  to  determine 
and,  in  any  case,  conditions  there  were  altered  by  the  changes 
in  the  bovindary  layer  thickness  at  different  test  conditions. 
The  most  reasonable  reference  condition  appeared  to  be  that 
given  by  the  "Inviscld  surface  streamline"  i.e.,  with  the 
measured  surface  pressure,  the  stagnation  presstire  behind  the 
leading  edge  nozmial  shock  wave  and  the  stagnation  temperature 
in  the  stream.  Conditions  determined  on  this  basis  are 
designated  by  the  subscript  1  and  are  used  as  reference 
conditions  for  local  botindary  layer  properties.  If  other 
quantities  are  desired  for  reference,  they  can  be  determined 
from  the  tabiilated  data  or  frcan  the  plotted  data.  It  should 
be  noted  that,  with  the  chosen  reference  conditions,  the 
edge  of  the  boiondary  layer  is  no  longer  defined  by,  say 
u^T  =  li  in  fact,  the  edge  is  probably  best  estimated  by 
reference  to  the  total  temperature  profile. 
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IV 


RESULTS 


A.  Boundary  Layer  Profiles 

The  detailed  data  obtained  for  each  of  the  botindary 
layer  profiles  are  grouped  by  Mach  nxatiber  and  presented  in 
Tables  II,  III,  IV  and  V.  Selected  profiles,  illustrating 
the  nature  of  the  boundary  layer  on  the  plate  are  given 
in  Figures  10  through  22, 

The  development  of  the  bovindary  layer  on  the  plate  at 
zero  angle-of-attack  is  shown  in  Figures  10,  11,  12  and  13 
for  the  fo\ir  nominal  Mach  ntunbers  tested.  Total  conditions 
behind  the  normal  shock  are  nearly  matched  for  the  nominal 
Mach  numbers  of  7  and  10  and  are  of  the  same  order  for 
nominal  Mach  numbers  of  12  and  14,  Figures  l4  and  15  show 
the  influence  of  Reynolds  nvunber  on  the  layer  at  Mach  number 
12  for  the  plate  at  zero  angle-of-attack.  The  effects  of 
angle-of-attack  may  be  seen  by  ccxnparlng  Figures  l6  amd  17 
which  show  data  for  10°  compression  and  15°  expansion, 
respectively,  at  a  Mach  number  of  10  and  a  constant  Reynolds 
number.  Interference  effects  previously  described  prevented 
the  acquisition  of  data  at  the  downstream  station  when  on 
e:q)anslon.  Figure  18  compares  profiles  at  SA>  =  and 
a  =  0  for  Mach  numbers  of  7,  10  and  12  vrtiile  Figure  19 
compares  similar  data  for  Mach  numbers  of  12  and  l4.  The 
influence  of  Reynolds  nvunber  is  illustrated  in  Figvu:*e  20  for 
M  »  12  zind  S/i)  a  16,  The  effects  caused  by  angle-of-attack 
are  shown  in  Figures  21  and  22  for  Mach  nvunbers  of  7  and  14 
respectively. 


B.  Bovindary  Layer  Thicknesses 


The  profiles  of  pu  and  pu^  obtained  from  the  data 
reduction  procedvire  were  Integrated  to  determine  the 
boundary  layer  displacement  and  momentum  thicknesses. 

Using  the  inviscld  surface  streamline  as  the  reference,  the 
displacement  thickness  is  taken  as 


6*  »  6 


dy 


(3) 


and  the  momentvun  thickness  is  taken  as 


e 


(4) 


Inherent  in  these  integrations  is  the  determination  of 
the  boundary  layer,  6.  Because  of  the  rotational  field  above 
the  layer,  the  velocity  above  the  layer  can  have  a  gradient, 
which  at  some  conditions  and  especially  at  expansion  angles, 
made  the  estimate  of  6  difficult.  However,  since  the  stream 
gradients  are  low  compared  with  those  in  the  boundary  layer, 
the  values  of  6*  sind  0  were  generally  found  to  be  relatively 
insensitive  to  the  choice  of  6, 

The  results  of  the  integrations  are  stunmarized  in 
Table  VI.  Data  from  this  table,  indicating  the  gro\rth  of 
the  boundary  layer  thicknesses  along  the  plate  at  the  four 
Mach  numbers,  are  plotted  in  Figures  23,  24,  25  and  26. 

The  stagnation  pressixre  at  the  edge  of  the  boundary 
layer,  Pts^  Is  of  interest  in  many  applications;  hence,  this 
quantity  is  also  included  in  Table  VI.  A  summary  plot 
of  the  stagnation  pressure  ratio,  Pt6/Pt2n*  ^  portion  of 
the  tost  conditions  is  given  in  Pigttre  27.  The  determination 
of  this  quantity  is,  of  course,  subject  to  the  estimate  of 
the  location  of  the  boundary  layer  edge. 


C.  Skin  Friction 

An  extrapolation  of  the  velocity  profiles  to  zero 
velocity  at  the  wall  was  made  to  allow  calculation  of  the 
wall  skin  friction.  Measurement  of  the  velocity  gradient 
at  the  wall  gave  ein  estimate  of  the  skin  friction,  T  , 
through  the  expression; 


Tv 


(5) 


where  ^  is  the  viscosity  of  air  at  the  surface  temperature 
and  calculated  using  Sutherland's  relation.  The  skin 
friction  was  non-dimensionalized  to  coefficient  form  by 
dividing  by  the  free  stream  dynamic  pressure,  i.e. 

Tw 

=  1/2  Poo  'i'^00 


Table  VII  lists  the  skin  friction  information. 

Figure  28  indicates  the  trends  of  the  skin  friction 
coefficient  with  angle-of-attack  for  Mach  nvimbers  7  and  10. 
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V  DISCUSSION  OP  EXPERIMENTAL  RESULTS 


A.  Boxindary  Layer  Profiles 


The  profiles  presented  in  Figiires  10  to  22  are  intended 
to  illustrate  the  development  of  the  boundary  layer  ander  the 
various  test  conditions  utilized.  Tv/o  comments  are  important 
in  the  interpretation  of  these  profiles: 

(1)  The  vrall  temperatures  for  the  three  profiles 
shown  alon^  the  plate  do  not  necessarily  match 
the  wall  temperature  distributions  of  the  plate 
at  the  time  of  the  surveys. 

(2)  The  Mach  number  distribution  snov^n  above  the 
boundary  layer  is  not  the  true  Mach  distribution 
existing  above  the  layer. 

The  first  comment  is  the  result  of  the  testing  technique. 
Because  of  a  tvinnel  running  time  limit  of  approximately  90 
minutes,  it  was  not  possible  to  wait  for  the  equilibrium  wall 
temperature  to  be  reached  before  beginning  a  survey. 

Therefore,  after  a  nominal  wait  for  the  wall  temperature  to 
exceed  some  value,  say  750°R,  the  survey  was  begun;  upon 
completion,  the  angle-of-attack  was  changed  and  another 
survey  was  started.  The  wall  temperature  may  have  Increased 
to  8oo°R  by  the  start  of  the  second  survey.  It  is  therefore 
possible,  that  if  the  profile  at  S/l)  =  8  vreis  the  first  to 
be  taken  during  a  tunnel  xnm  and  if  the  profile  at  S/D  =  16 
was  the  second  of  a  test  series,  the  wall  temperatures 
tabulated  might  suggest  an  increase  with  S/D,  vrtien  in  reality 
the  reverse  is  true.  It  is  pointed  out  that  the  cases  where 
the  wall  tenqperature  varied  more  than  150OR  are  rare;  in 
general,  variation  of  wall  temperature  d\u?lng  a  survey  was 
less  than  100°R. 

The  second  comment  results  from  the  data  reduction 
procedure  in  which  a  constant  static  pressure  normal  to  the 
plate  was  assumed.  For  the  thick  boundary  layers  encountered 
and  the  known  fact  of  moderate  streamwise  pressure  gradients, 
it  is  likely  that  the  assumption  is  Inexact.  Then  the  Mach 
number  as  calculated  has  some  degree  of  error  at  the  edge 
of  the  bovindary  layer.  This  difficulty  could  be  resolved 
only  by  the  measurement  of  local  static  pressure  at  all 
points  within  the  botindary  layer,  for  which  there  is  no 
reliable  instrumentation  at  these  test  conditions. 
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B.  Boundary  Layer  Edge 

For  certain  teat  conditions,  the  estimate  of  the  ed^e 
of  the  boxindary  layer  was  difficult.  This  estimate  was 
chiefly  based  on  the  deviation  of  the  total  temperature  from 
the  temperature  of  the  invlscid  stream  while  also  considering 
the  Mach  number  and  velocity  profiles.  Admittedly,  some 
judgement  was  required,  particularly  at  expansion  angles- 
of-attack. 

As  the  value  of  6,  the  upper  limit  of  the  integrations 
of  Eqs.  (3)  and  (4),  determines  6*  and  0  as  well  as  the  total 
pressure  ratio  Pt6/Pt2n»  prudent  to  examine  the  effect 

of  an  improper  choice  of  6.  Integration  of  typical  pu  and 
pu'^  profiles  at  different  6  indicates  that  a  10^  error  in 
the  choice  of  6  will  yield  about  a  3^  error  in  6*  and  0.  As 
an  error  of  this  magnitude  in  6  is  unlikely,  errors  in  6* 
and  0  are  probably  due  to  inaccuracies  in  the  layer  profiles 
and  not  due  to  a  poor  estimate  of  the  layer  edge, 

A  similar  observation  of  the  ratio  Pt6/Pt2n  ti®  made, 
the  low  gradient  boundary  layers  at  expansion  angles  which 
make  estimation  of  6  difficult  also  have  small  variations 
of  Pt2J  hence,  a  moderate  error  in  6  does  not  have  a  strong 
effect  on  the  total  pressure  ratio. 

With  regard  to  this  ratio,  it  is  interesting  to  note 
that  even  at  S/D  =  22  and  angle-of-attack  of  10°  compression, 
Pt6/Pt2n  I’etna'ins  relatively  close  to  unity.  However,  at 
expansion  angles  Pt6/Pt2n  appreciably  below  unity.  This 
surprising  result  is  probably  a  consequence  of  the  assumption 
of  a  constant  static  pressure  through  the  layer.  Pt6  was 
determined  from  the  normal  shock  relations  at  the  Mach  number 
calculated  from  Pw/Pt2»  therefore,  if  P  at  the  outer  edge  of 
the  layer  is  actually  lower  than  wall  pressure,  the  Mach 
number  at  the  edge  would  increase,  causing  Pts  to  increase. 

An  estimate  was  made  of  the  required  decrease  in 
static  pressure  at  the  boundary  layer  edge  needed  to  bring 
Pt6/Pt2n  unity.  For  most  cases  a  decrease  of  but  0.10 
mm  Hg  would  suffice.  This  small  pressure  change  is  possible 
throxigh  the  thick  layers  existing  at  these  expansion  an:;les, 
hence  the  true  value  of  Pt6/Pt2n  believed  to  be  close 
to  unity  at  these  angles.  The  statement  indicates  that  a 
sizeable  amount  of  the  fluid  entering  the  boiondary  layer  has 
passed  through  the  normal  portion  of  the  bow  shock. 


11 


C.  Estimate  of  Error 

In  an  experimental  study,  the  influence  of  measuring 
errors  on  the  data  must  be  considered.  As  discussed 
previously,  the  profiles  are  :enerated  by  measuring  Pt2> 

Pt3>  and  Tt3  and  havln-s  the  Ai*/A2*  calibration  of  the 
total  temperature  probe.  The  calibration  of  the  temperature 
probe  was  quite  extensive  and  since  a  calibration  point 
was  taken  at  the  start  of  each  test,  the  area  ratio 
dependence  on  Reynolds  number  was  adequately  determined. 

The  details  of  these  calibrations  are  discussed  in 
References  5  and  6;  hence,  the  present  discussion  will  be 
limited  to  errors  due  to  Improper  pressure  and  temperature 
measurement . 

After  passing  through  the  probe's  heat  exchanger,  the 
inducted  gas  is  near  room  temperature.  Standard  thermo¬ 
couple  techniques  will  indicate  the  temperature  within  +  2°R, 
From  Eq.  (2),  this  will  result  in  a  small  error  of  less  than 
+  1/2^. 

The  greatest  possibility  for  errors  occurring  in  the 
data  comes  from  the  pressure  measurements,  Pt2  and  Pt3. 

The  stagnation  pressure  at  the  second  throat,  Pt3,  is 
especially  susceptible  to  error,  as  its  magnitude  is  lower 
by  a  factor  of  ten  from  Pt2»  Some  estimates  of  the  pressure 
experienced  by  the  probe  are  provided  to  enable  a  more 
complete  analysis. 

The  total  pressure  behind  the  normal  shock,  Pt2»  varied 
greatly  through  the  boundary  layer,  for  the  conditions 
tested,  ranging  from  approximately  20  mm  Hg  to  about  0.5 
mm  Hg.  To  span  this  range  with  the  greatest  accuracy,  two 
transducers  with  m2tximum  ranges  of  25  mm  Hg  and  of  5  mm  Hg 
were  connected  in  parallel;  when  Pt2  dropped  below  5  mm  Hg, 
the  lower  range  pressure  pickup  was  used.  The  variable 
reluctance  type  transducers  used  are  accurate  to  within 
1/2$^  of  the  full  scale;  and  with  proper  calibration,  have 
exceeded  this  performance  standard.  With  the  system  used, 
the  error  in  Pto  measiirement  is  generally  less  than  Ijt; 
near  the  wall.  However,  errors  can  approach  55^  for  some 
selected  low  pressure  conditions. 

The  pressure  drop  between  the  throats  of  the  tempera¬ 
ture  probe  was  of  the  order  of  10,  Therefore,  the  range  of 
pressures  experienced  by  Pt3  was  from  2  mm  Hg  to  0.05  mm  Hg. 
A  5  mm  Hg  full  scale  transducer  was  used  to  obtain  P^q  and 
was  calibrated  continuously.  A  dispersion  of  +  .020  mm  Hg 
about  the  linear  calibration  curve  was  obtained  during  these 
checks.  This  comparatively  small  error  band  on  the  full 
scale  value  of  the  transducer  can  create  a  sizeable  error 
at  the  low  values  of  Pt3. 
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The  influence  of  these  pressure  errors  Is  indicated 
in  Figures  29,  30,  and  31>  for  a  typical  profile  at  M  =  10 
and  a  =  00,  Mach  number,  as  determined  from  the  Ptp 
measurement  and  the  static  pressure  at  the  wall  is  mown 
within  1^.  The  maxlmiim  error  In  the  total  temperature 
profile  as  determined  by  a  error  in  Pt2  and  a 
simultaneous  opposing  .025  mm  Hg  error  in  Pt3  is  presented 
in  Figure  30  by  the  dotted  line.  As  the  wall  is  approached, 
the  low  measured  pressures  drastically  Influence  this 
maximum  error  band.  A  more  probable  error  band  is  shown 
shaded,  based  on  the  fact  that  wall  temperatvire  was  known 
accurately.  The  maximum  and  more  probable  error  bands  are 
also  shown  for  the  velocity  and  static  temperature  profiles, 
as  well  as  the  pu  and  pu^  profiles  which  will  be  discussed 
presently. 


Of  importance  in  the  static  temperature  profile  is  the 
possible  variation  in  the  temperature  gradient  at  the  wall, 
(dT/dy)„.  With  the  larger  error  band  in  this  region,  these 
profiles  should  not  be  used  for  direct  heat  transfer 
estimates.  However,  it  may  be  noted  that  the  velocity 
profile  is  not  so  strongly  affected.  Consequently,  with 
the  knowledge  of  zero  velocity  at  the  wall,  the  gradient 
may  be  determined  and  skin  friction  estimated.  A  maximum 
error  of  slightly  more  than  +  lOJ^  may  be  expected  in  this 
velocity  gradient  based  on  pressure  and  temperature 
deviations.  This  velocity  gradient  at  the  wall  is  also  a 
function  of  the  accuracy  of  the  probe  location  measurement; 
an  estimated  precision  of  +  .01  inch  is  used  for  this 
quantity.  The  skin  friction,  't'  ,  as  determined  from 
Eq.  (5)  is  estimated  to  be  within  +  155^. 

Also  subject  to  error,  if  the  profiles  are  in  error, 
are  the  boundary  layer  thlclcnesses  6*  and  0.  Figure  31 
presents  the  maximum  errors  in  pu/p^Un  and  pu'^/piU^^.  When 
these  profiles  are  integrated,  deviations  of  +  155^  in  6* 
and  e  are  found. 


Summing  up  this  analysis,  the  probable  errors  should 
give  tabulated  values  within  the  following  range  of 
accuracy: 


Measured  Quantities: 

Pt2  +  up  to  55^  near  wall 
+  Ijg  up  to  20^  near  wall 

Tt3  ± 

Tt  +  35^  up  to  20^  near  wall 
5  +  .02  inch 


Calculated  Quantities 

6*  +  15^ 
e  +  1556 

r  +  15^ 
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VI  SUMMARY 


The  results  of  more  than  fifty  surveys  of  the  boundary 
layer  on  a  blunted  flat  plate  in  hypersonic  flow  have  been 
presented  for  a  wide  ranee  of  test  conditions.  Nominal  Mach 
numbers  of  7,  10,  12  and  14  have  been  examined  for  free 
stream  Reynolds  numbers  ranging  from  9000  to  21,300  at 
s/d  =  8.3,  l6.4,  22.5  and  at  angles-of-attack  of  10°  compression, 
0°,  and  15°  expansion.  All  the  results  have  been  tabulated 
and  appropriate  summary  plots  made  to  illustrate  the  trends 
concerning  Mach  number,  Reynolds  number,  and  angle-of -attack 
effects  upon  the  boundary  layer  development. 

The  results  of  this  completely  experimental  investigation 
can  be  summarized  as  follows; 

(1)  The  surveys  indicate  a  laminar  boundary  layer 
existed  on  the  plate  at  all  conditions  examined. 
Moderate  velocity  gradients  above  the  layer 
required  some  degree  of  Judgement  in  the 
establishment  of  the  boundary  layer  edge, 

(2)  The  boundary  layer  profiles  were  derived  from 
a  total  pressure  probe  and  a  total  temperature 
probe.  The  precisior  of  the  profiles  near  the 
plate  was  affected  by  the  accuracy  of  the  total 
temperature  probe.  The  static  temperature 
profile  should  not  be  used  to  determine  heat 
transfer  rates  directly;  however,  the  velocity 
profile  is  not  so  strongly  influenced  by  the 
total  temperature  error  and  can  be  used  to 
estimate  skin  friction.  Values  of  skin  friction 
are  tabulated  and  a  portion  of  these,  plotted. 

p 

(3)  The  generated  profiles  of  pu  and  pu  vs  location 
from  the  plate  have  been  Integrated  from  y  =  0 
to  y  =  6.  Boundary  layer  displacement  thickness, 

6*,  and  momentum  thickness,  0,  respectively, 
have  been  determined  from  these  integrations  with 
moderate  precision.  The  discrepancies  in  6* 

and  0  are  caused  by  profile  deviations,  rather 
than  by  errors  in  the  estimate  of  6. 

(4)  The  ratio  of  total  pressure  at  the  boundary 
layer  edge  to  total  pressuure  behind  the  normal 
shock  at  the  nose  has  been  tabulated.  This 
ratio  is  approximately  unity,  at  a  *»  0  and  at 

a  =  10°  ccxiqpresslon.  For  the  expansion  angles, 
the  assung)tion  of  a  slight  pressure  gradient 
also  results  in  a  pressure  ratio  of  unity. 
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(5)  Care  must  be  talcen  vrtien  correlating  these  data 
since  the  wall  temperature  distribution  has  a 
strong  Influence  upon  the  profiles  and  this 
parameter  could  not  be  duplicated  consistently. 


15 


REFERENCES 


1.  Gregorek,  G.  M.,  Nark,  T,  C.,  and  Lee,  J.  D., 

An  Experimental  Investigation  of  the  Surface  Pressure 
and  the  Laminar  Boundary  Layer  on  a  Blunt  Plate  In 
KYPorsonic  Flow;  Volume  I,  ASD-TDR-  62-79^, 

September  19o2 

2.  l\Iark,  T.  C.,  Theory  of  the  Compressible  Laminar 
Boundary  Layer  under  Arbitrary  Pressure  and  T^perature 
Gradients,  ASD-TDR-62-962 ,  Aeronautical  Systems  Division, 
'JwnQ~T^n2 

3.  Thomas,  R.  E.,  and  Lee,  J.  D.,  The  Ohio  State  University 
12-lnch  Hypersonic  Wind  Tunnel.  TNf ALOSU)559-^;  The  Ohio 
State  University  Research  Foundation,  Technical  Report 
to  WADC  on  Contract  AF  33(ol6 )-5593,  July  1959 

4.  Lee,  J.  D.,  Axisymmetrlc  Nozzles  for  Hypersonic  Flow 
TN(AL0SU)459-1  The  Ohio  State  University  Research 
Foundation,  Technical  Report  to  WADC  on  Contract 

AF  33(616 )-5593,  July  1959 

5.  Welshimer,  D.  E.,  The  Experimental  Application  of  Sonic- 
Pneumatic  Probe  Systems  to  Temperature  Measurement  In 

a  KTOersonlc  Alr~Stream.  ARL  62-364  Aeronautical  Research 
Laboratories,  Office  of  Aerospace  Research,  USAF,  June  1962 

6.  Lee,  J.  D.,  Measurement  of  Velocity  and  Temperature  in  a 
Hypersonic  L^lnar  Boundary  Layer.  ASD-TDR-o^-9l4, 

September  19^2 

7.  Mauersberg,  J.  D.,  Thomas,  R,  E.,  and  Lee,  J,  D,, 

An  Investl°:atlon  of  the  Accuracy  of  the  Analog  Computer. 
TU(ALOSU)-759-4;  The  Ohio  State  University  Research 
Foundation,  Teciinlcal  Report  to  Douglas  Aircraft  Co., 
on  Contract  T  and  M-5637-A,  October  1959 


16 


APPENDIX 


CCaiPUTER  PROGRAM 


The  analogue  computer  provided  partial  on-the-line  data 
reduction  during  the  actiial  surveys;  this  monitoring  of  the 
raw  data  helped  determine  both  probe  performance  and  aided 
detection  of  any  tunnel  or  probe  interference  effects. 
Variable  inputs  to  the  computer  were  Pt2#  and  probe 

position;  Tt3,  P>  and  Ai*/^2*  were  relatively  constant  and 
were  set  into  the  computer  manually. 


The  two  key  parameters  which  were  Immediately  determined, 
were  the  total  temperature  and  the  Mach  number.  The  equation 
used  to  obtain  the  total  temperature  was  the  sonic -pneiamatic 
probe  relation: 


Tt 


'Pt2  Ai* 

Pt3  A2* 


A-1 


The  Mach  number  was  found  from  the  ratio  of  Pt2  and  P,  the 
wall  surface  pressure,  from  the  applicable  expression  below: 


for  1  i  M  <  5 


ir  =  -  0.4026  +  0,7807  Pt2  -  0.000  2027 


Pt2 


for  0  <  M  <  1 

=  -  1.705  +  2.037  Pt2  -  0.3279 

pT 


£^2 

P-. 


1 

1  2 


A-2 


A-3 


These  simple  Mach  number  relations  are  approximations  which 
were  easily  handled  by  the  computer,  determining  M  within 
IjS  in  the  ranges  shown. 


From  Equations  A-1  and  either  A-2  or  A-3  the  remainder 
of  the  required  data  is  obtained  from  the  well  known  standard 
equations;  i.e.. 


T 


+  izi 

2 


M^ 


A-4 


u  =  M  //yRT 


A-'S 


P 


A-6 
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The  ratio  of  specific  heats,  7,  is  here  taken  as  1.4 
for  air  at  the  test  temperatures. 

The  computer  then  performed  the  appropriate  steps  to 
deliver  the  final  reduced  data  in  terms  of  the  dimensionless 
ratios  pu  ,  pu^  .  These  data  were  recorded  in 

^1  Pi^l  Pi^l^ 
digitized  form. 
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’lABIi  I 


Test  Conditions  for  Boundary  Layer  Surveys 


M 

To  ~®R 

Pq  ~  psig 

P-tg  ~  mm  Hg 

Re/£  ~  per  ft. 

Rcd 

6.95 

2060 

44 

45.18 

1.657  X  10® 

0.690  X  10* 

9.99 

2060 

292 

45.60 

2.634  X  ICP 

1.097  X  10* 

12.08 

2060 

325 

20.50 

2.077  X  10^ 

0.865  X  10* 

12.26 

2060 

500 

29.00 

3.037  X  10® 

1.265  X  10* 

12.36 

2060 

800 

44.12 

4.645  X  icf 

1.935  X  10* 

14.20 

1910 

700 

19.93 

5.058  X  10® 

1.274  X  10* 

14.28 

1910 

900 

24.76 

3.858  X  10® 

1.607  X  10* 
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Figure  I  The  Ohio  State  University  12  Inch  Hypersonic  Wind  Tunnel  Schematic 


.  DIMENSIONS  OF  FLAT  PLATE  MODEL 


FIG.  3.  FLAT  PLATE  MOUNTED  IN  WIND  TUNNEL 
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FIG.  5.  NOMENCLATURE  OF  BOUNDARY  LAYER  PROBE 


FIG.  6.  MODEL  AND  BOUNDARY  LAYER  PROBE  DIMENSIONS. 
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PIG.  7.  NOZZLE  CALIBRATION  AT  MODEL  LEADING  EDGE 
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FIG.  10.  BOUNDARY  LAYER  ON  PLATE  AT  o  •  0*  FOR 
^^■7  AND  RiQ>6,900 
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FI6.il.  BOUNDARY  LAYER  ON  PLATE  AT  a>0*  FOR  M.-IO 
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FIG.  12.  BOUNDARY  LAYER  ON  PLATE  AT  o  -  0*  FOR 
M.-I2  AND  Ri^- 12^50 
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FIG.  13.  BOUNDARY  LAYER  ON  PLATE  AT  o-O*  FOR 
IIC*K  AND  Re^«  16,100 
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FIG.  14.  BOUNDARY  LAYER  ON  PLATE  AT  LOW  REYNOLDS 
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FIG.  15.  BOUNDARY  LAYER  ON  PLATE  AT  HIGH  REYNOLDS 
NUMBER  FOR  IK^IE  AND  Rap -19,350 
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FIG.  16.  BOUNDARY  LAYER  ON  PLATE  AT  ANGLE  OF 

ATTACK  (10*  COMP)  FOR  M»- 10  AND  Rtp  -  11,000 
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FIG.  17  BOUNDARY  LAYER  ON  PLATE  AT  ANGLE 
OF  ATTACK  (I^EXP)  FOR  Hi*  10  AND  Ra^  •11,000 
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FIG.  18.  EFFECT  OF  MACH  NUMBER  7,  10, 12.  ON  BOUNDARY 

LAYER  AT  a  •  0*  AND  S/D-16.4 
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FIG.  19 .  EFFECT  OF  MACH  NUMBER  12.14  ON 
BOUNDARY  LAYER  (a-0*)  AT  S/D  *16.4 


95 


8,700 


12,700 


16,000 


FIG.  20.  EFFECT  OF  REYNOLDS  NUMBER  ON  BOUNDARY 
LAITER  AT  Mj>  l2,o -0* AND  S/D- 16.4 
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FI6.2I.  EFFECT  OF  ANGLE  OF  ATTACK  ON  BOUNDARY  LATER 
AT  M«7.  S/O-16.4  AND  Ra^  •6,900 
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FIG.  22.  EFFECT  OF  ANGLE  OF  ATTACK  ON  BOUNDARY 

LAYER  AT  M  •  14.  S/D-16.4  AND  Rt^- 16,100 
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FIG.  25.  BOUNDARY  LAYER  THICKNESSES,  MU  12 
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FIG,  27.  STAGNATION  PRESSURE  RATIO  VS.  X 
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FIG. 29.  ERROR  ANALYSIS-MACH  NO.  8  VELOCITY 
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FIG.  30.  ERROR  ANALYSIS  —  STATIC  a  TOTAL 
TEMPERATURE 
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FIG.  31.  ERROR  ANALYSIS-  p\i|p^x,^  p\x^  /  p,yx} 
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